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Ap & step in dovelaping new atandards of high-temperature heat cepacity and in deter-
mining acourate thertnodynarde data for aimple subetatces the enibalpy (heet conteot)
relative to ¥V3 'K, of hi%h purity fuged moagoesium oxide, I'-fgﬂ, aod of glotered berylBum
exide, BeO, was moszured up to 1,173 K. A Bungen ice calorimeter and the drop methed
ware used, ‘The two samplea of Bed meastrd had sarfsce-to-volume ratioas differing by &
fattor of 15 or 20, yet agreed with each other cloeely emough to preclude uﬁlprwinble &IFOT
attributable to the considerable surface ares. The enthalpies found for Mg() are peveral
perosnt higher than most previously reported valucs. The values are ceproscoted within
their uneertainty (estimated to average +0.25%) by the [ollowing empirleal cquations"

Thermodynamic Properties of Magnesium Oxide and

{eal molc—! at T °K)

Mg: Hy— Himuw= 107409 T+ 1. 2177(10-Y 3_19; 2.3183(10-N

+ 2, 2ZR161 {104 7= ' — 3517,
Beld: Hy— Hipu=111084T+7.1245(10-1) T3
—5.31245(10°) 9545321,

& 40705 (105) T
I

Yalues of mth&l;&}ﬁhrﬁgt capacity, entropy, and Gibbs frecrcpergy funetion are tabulated

from 20815 ta I,

1, Introduction

A previous paper [1] * has described the need for
heat-capacity stendards oi temperatures shove the
range of the present c-sluminum oxide (eorundurm)
standard. Enthalpy measurements on  thorium
dioxide have been presented [1] as a firat step in
the imvestigation of new materiels for this purpose.

The chemical stability and high meMing points
of MgO end Bel} (3,000 and 2,800 °K, respectively
[2]) recommend these materisle for consideration
as possible heat-capacity standards.  Although hoth
compounds heve lower melting points than thorium
dioxide (3,300 °K [2]}, the lower sensitivity of their
heat capacities to the influence of common impurities
{because of amaller differences in atomic weights) is
8 decided advantage, The accurate knowledge of
the thermodynamic properties of these substances
over a large temparature rangs hae added wvalue
becanse of the very frequent occurtence of these
materials in high-temperature reactions and installa-
tions. The results of enthalpy messurements on
fused MpQ nnd on sintered BeQ gpecimens of two
differert bulk densities sre presented in this paper.

2. Soamples and Containers

The magnesinm oxide sample had been fused and
was tranaparent, clear, ahd colorless; it waz supplied
by the Norton Company, of Niagara Falls, Ontario,

| Thy: Heasuremenis on Mgt ware supTored by e Wright Al Develapment
IHwdan, Alr Rewarch aod wllgment Crnmand, Uniled States Ar Y
Wrlgh i-Potterson Afr Force Rese, Chibe.

1 Prestn ; 11,3, Navs! Crdnense Test Sration, Ghina Lake, Calif.

# Using the defimod thermochemiics] calarie =4, 1840 Jollas.

+ Figuoes In brockats Indbesde Ehe litarshirs referenoks t the sod of this paper.
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Crenada. Spectrochemicel  snd  spectrographic
snalyses at the National Buresu of ¥3tandarde
indicated that the sample contained 99.90 weight
percent Mg if the detected metallie impurities are
?Bsglrna:% to be present as their highest stable oxides
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= The paniples wers alen szamined fr Lhe fwing elements which ware mot
detecterd: A3 Au B, Ba, Bi, 04, Ce, Oo, a, e, HT In, Ir, Le, Ba, Sb, M,
i1s, F, Pb, 7'd, PL, En, o, 8b, 90, 80 86, Td, Te, TE, L 0, V. W, T, Zn, Zr.
1o additien the Boflowing slenisntd wers undeloeied In Bed: Iy, lfr, JEu, i,
Ho, Lu, Nd, T'r, Ba_ Eb, Re_ Sm, Th, To, Y,
a'Mafor eanetdtment.
+ Not detected.

Twn samples of heryllium oxide wera used in the
precent study. BeO powder was preszed, fired, and
sintered to gbtein bylk densities of 2.3 p ¢m~" and
1.6 g em~? (firing temperatures of 1,800 and 1,100 *C
respactti:}ely}. 3&@ two samp&fes%hwhi:ﬁtél densit-iﬁ
wera about 72 and 50 peresnt & eingle-cryst
(X-ray} valuo, will heranfter be referred to us Be(r
samples 1 and 2, reapectively. Specirochemical




analyses of both samples at the Bureau indicated
that thay contained 99.96 pereent Bel) by weight
{table 1), In a petrographic examination, sample 1
was found to consist o aﬁpmxim&tel}* isometric
particles 254 on an edge. BeQ =ample 2 was ob-
served to be composed of needlelike particles esti-
mated to average 10 in length and 1u% in cross
section, Tho surface-to-voluine ratio of auch a
particle is the same as that for a cube with sn edge
of 1.5u. The eintered samples of BeO nsed in the
enthalpy mensuretnents ench consisted of two cylin-
ders 2 e long and 1 em in diameter.

The san:ples were gealed in containers of annealed
pure silver preparatory to making enthalpy measure-
ments (1]. BeD sample 2 lost weight during the
first attemnpts at saaling it in its container. Further
study of the weight Tollowing successive heat treat-
ment and exposure to the reomn atmosphere showed
that at least 0.3 percent of the onginal sampls mass
waz lost on heating to about 1,00 °K, but wus
reguined by the sample after cooling in a desigentor
and then standing in roomn wir for 30 min.  Tests on
six spectmens of this lower-density samnple of BeO
all shoewed the same hygroscopic behavior. Similar
teats made with BeO sample 1 showed no detectable
roass change. When Be(Q sample 2 was finally
sealed in its container its mass was the lowest attain-
able by the heat treatment mentioned shove. Tt is
possible, howaver, that the sample was still con-
taminated by a smell amoynt of water.

3. Enthalpy Measurements

The “drop” method and calorimeter employed
in the enthalpy measurements have been described
in detail in & previous publication [3].  In briaf, the
method wsed was ss follows, The sample, sealed
in a silver eontainer, wes suspended In a silver-sore
furnace until it had time to come to a conslant
known temperslure. It was then dropped {(with
alimost free” fall) into the Bunsen ice ealorimeter,
which measured the heat evolved by the sample
plus contulner in coeling to 273.15 ° In order to
geeount for the enlhalpy of the silver contoimer
and the heat lost during the drop, & similar experi-
ment was made with an identical etnpty container
at the same [ornace temperature. The differcnme
hatween the two values of heat i3 a measore of the
enthalpy change of tha sample beiween 27315 K
und the furnace temperature.

The temperature of the central portion of the
furtiace wue measured by w steain-free platinum
remistanice thermometer {ice-point reaistance, about
24 ohimns) up to and including 873 °K, and by an
annealed Pt/PL-10 ot Kh thermocoupls at
liagher temperatures” The thermometer and ther-
macouple were frequently intercommpared during the
heat measuretnents, were calibrated shortly after-
wards, and were concordant with the good consistensy
of these two instruments aver a period of more than
3 yaursz.

L Tympernluted fre oo We Internatione] Tempavaturs Beale of 1945 x= m-:d;
Bad in 1954 [4].
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The messured hewt velues obtained in individoal
roms on sn empty container that wera used in the
caleniations of this Yaper are Tecorded in 8 previous
publication [1]. The second column of table 2
gives the fully corrected menaured enthalpy values,
in defined thermochemical ealories per mole, for the
magnesiom oxide. In table 3, the second snd third
columns contain the corresponding information for
Be( samples 1 and 2. The individual enthalpy




values listed in these two tubles were obtained by
subtracting the empty container values (using the
mean Bt cach telnperature) from the observed
enthalpies for sample plus container and then con-
verting to molar values, Corrections had been
npplied in the usual maooer [1]. The anthalpy
corraction for the impurities in the MpO amomnted to
less than 0.02 percent of the enthalpy of the sample.
For BeQ an impurity correction of less then (.01
percent of the sample enthalpy was used. These
eorrections were made assuining that the foreipn
chemical elements were present ns the highest stable
oxides and that their enthalpies contributed addi-
tively to the total observed entbalpy. The cal-
culated values of enthalpy in tables 2 and 3 are
sinoothed values arrived at as described in section 4,

4. Smoothed Thermodynamic Functions

The mean enthalpy values for Mg() and {or BeD
sample 1 were wsed to derive aqe (1) and (2) {in
gal mole~! at T °K) by the method of least squares,
The resulta for Be(y smuple 2 were ignored, for the
reasong digenssed in section 5.

Mold: Hi— Hom = 10.7400 T+ 1.2177(10°%} T®

—23183{10°7) 774 2.26151{10% T'—3847.94. (1)
Beth: Hi—Hyew=11.1084T+ 71245104 T=
S+ & 407050100 T —5.31245(107) T2 —5453.21. {2)

Euthalpy values caleulated from eqe {1) and (2)
ure tubulated and compared with expermental values
in the last two columns of tablea 2 and 3. Tables
4 wnd & which pive the common thermodynsinie
properties of magnesinm oxide and beryllium oxide,
were obluined by a four-point numerical intagration,
at 1-deg intervalz, of heat-cupacity values chosen
as follows. The wvalues of heat capacity for Mg
at and whove 240 °K were obtained from eq (1);
below 340 °K values from low-temperature measure-
ments [5, 6] were smoothed 8¢ a5 to join the derivative
of eq (1) at thia temperature. i‘;quntiun (2] was
nsed to obtain heat-capacilty vahies {or BeD at and
above 410 °K; below 410 °K the Leat cupacilies
ahtiined frou recent low-temperature work [6]
in the room-tempersiure region were used in the
integration. The mathematical work was performed
ot an TBEM 7080 computer. .

The thermodynamic i)mpart.ieﬂ of Me( in table 4
{other than &), which sre bused on values for
208.15 “K obtained by smoothing low-tomperature
dnte [5, 6], are given relative to 0 °K. Because no
low-temparature thermodyoamnic data bave beon
published for macrocrystallina BeQ, the rame
thermodynamic propertiea of this substence arc
ziven relaiive to 203,15 °K.

On the basis of previous work with the Bunsen ice
calorimeter, the authors believe that the uncertainty
of the thermodynamic properties in tables 4 and 5
corresponds to 0.4 percent in the lest capacity.
Changes in values of the thermodynemic properties
introduced by smooth-joining to low-temperature
data are within the experimental ancertainty.
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5. Discussion

The statements made in an earlier {laper {1] con-
cerning the usual precision of enthalpy measure-
ments made with the Bunsen ice calorimeter ﬂ]f:iply
again in the present paper. The deviation of e

{1) from the mean observed enthalpies of Mgg}
averages .04 percent or 1.8 cal/mole. Tho corres-
ponding numbers for eq (2) and B20 sample 1 are
0.02 percent or 0.7 ealfmola. The maximum devia-




tion of eq (1} from the mean observed enthalpies
iz .00 percent, while that of eg {2) 18 Q.06 percent.

Berylliom oxide iz at present diffioult to obtain
in the form of pariicles large snough to be sure that
the totsl surface area is too small o affect the heat
eapacity appreciably. For this reason two samples
of widely different surlace-to-voluma ratics were
measured in this investigation in an effort to test
this possible complication, which has been discuseed
by one of the authors in & recent publication 7).
Celumna 2 and 3 of table 3 show that gample 2
consistently exhihited htly higher relative-
enthelpy values at 323 K and 375 “K than did
sample 1, though there is no consistent difference
in sign st the higher temperaturea, In contrast
to sample 1, sampla 2 had & surface-to-volume
ratio 15 to 20 times sa large, and slso mey bhave
retained a very small amount of water (zee sec. 2).
Both factors would tend to incresse the messured
heat capucity soimewhat, and may have contributed
to the differences hetwesn the two samples noted
up to 373 °K. Howaver, since thess differences do
not axceed 1 t, it appesrs unlikely that the
relatively small surface ares of zample 1 could in
this temperature range have contributed more than
a fow hundredihs of 1 percent to ite heat ecapacity.
All the emoothed reanlie for beryllium oxide in thia
pager o#re based on sample 1.

izure 1 affords » comparison of the present meas-
yrements on MgO with previously reportad valuss
[8, 9, 10] in the form of percentage devation of indi-
wvidual nnsmoothed measurements of {He— Hlqs 5 =)

are in gh'cneral many times the estimated uncertain-
ties of the authors’ walues, a fact which is in line with
the belisf that the latter are the most aceurats
arailable for thia substance.

In figura 2 the present Pe(} measuroments are
colaparsd with those of earlier workers [6, 11, 12, 131,
Of particylar importance is the recent work by
Rahﬁinn and Gomel'skii on a sintered specimen,
which shows a reproduocibility comparable with that
of the present messurements and sgreement with eg
{2} which is generelly better than 9.5 percent of the
enthalpy relative to 273.15 °K.

Magnesivin oxide 1s probably the more {avorable
of the two materials as a high-temperature heat-
{::E.ci?' standard, since it is available in largs crys-

of ressonsbly high ‘iz-urit-jr. The agreement
between Be() samplea 1 and 2 &t and sboye 473 °K
snd the unusually good sgreement with one other
woricer [12] on a speciinen similar to sample i support
the serioys consideration of sinterad beryllium oxide
88 & heat-capacity standard, subject to the conditions
that the samples used do not have too amall a particle
gize and are nob contamineted by sdeorbed water,

A phese change in BeQ hug reportedly been
observed at & (i)mmma,tely 2,220 °K [14]. BSuch a
transifion would adversely affect the use of berylliwm
oxide a3 & heat-capacity standard at higher tempera-

turea, Measurements on thia maeterial up to 1,800 °K
or higher are planned at the Nabionsl Bureau of
Standards to extend tha temperature renge of wvail-
able accurate values, At the present tima the
heat-capacity discrepancy between reference [13] and

from eq (1). The devietions of other workers' | the present work 1@ greater than 2.5 percent at
values from the messurements reportad in this paper | 1,200 “E,
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